Abstract -In this paper, an attempt has been made to design the current and speed proportional and integral (PI) regulators of self-commutating current source inverter-fed induction motor drive having capacitors at the machine end and to investigate the transient performance of the same for step changes in reference speed. The mathematical model of the complete drive system is developed in closed loop, and the characteristic equations of the systems are derived using perturbation about steady-state operating point in order to develop the characteristic equations. The D-partition technique is used for finding the stable region in the parametric plane. Frequency scanning technique is used to confirm the stability region. Final selection of the regulator parameters is done by comparing the transient response of the current and speed loops for step variations in reference. The performance of the drive is observed analytically through MATLAB simulation. 
Nomenclature

Introduction
Variable and smooth speed control is the mandatory requirement for any industrial drive. The speed control of induction motors over a wide range can be done with the help of variable frequency VSI or CSI. Due to the controlled current operation of the inverter, slip-regulated CSI is preferred over VSI. The current source at the front end makes the system naturally capable of power regeneration [1] - [4] . In this paper, the closed loop scheme of selfcommutating current source inverter-fed induction motor drive employing two PI regulators -one in the outer speed feedback loop and other in the inner current feedback loop, is discussed. The outer speed loop is used to obtain the reference DC link current from the slip speed, whereas the inner current loop regulates the DC link current according to the load torque demand [5] . The design of the feedback loop parameters requires complete analysis and simulation of the entire drive. The parameters for current and speed PI regulators of a self-commutating CSI-fed induction motor drive are designed on the basis of system relative stability, frequency scanning, and transient response of the drive.
System Description
The CSI-fed induction motor drive consists of a threephase AC source, a PWM rectifier, a DC link smoothening reactor, a current-controlled inverter, a three-phase squirrel cage induction motor, and a three-phase capacitor bank, as shown in Fig. 1 . A fast-response speed-regulating drive can be realized by incorporating PI regulators in the feedback loop [6] - [8] . Two PI regulators are used -one in the speed feedback loop and the other in the current feedback loop.
The outer speed regulator compares the reference speed and the actual rotor speed and processes the speed error to obtain the reference slip speed, which is used to obtain the reference stator active and reactive currents and hence, the reference DC link current. The inner current PI regulator compares the reference and actual DC link currents and adjusts the turn on period of PWM pulses, hence the output voltage of the converter.
Mathematical Modeling
The modeling of the modified CSI-fed induction motor drive is carried out in synchronously rotating reference frame for the following:
(1) Three-phase PWM rectifier (2) Three-phase PWM inverter (3) DC link (4) Three-phase induction motor with load (5) Three-phase capacitor bank
Three-phase PWM Rectifier
The PWM rectifier output voltage depends on the number of pulses per cycle and their widths. The converter is modeled for 12 numbers of equal pulses per cycle. It leads to two pulses per 60 each of  width. The average output voltage of the PWM rectifier can be expressed as follows: Fig. 1 . Variable speed modified current source inverter-fed induction motor drive.
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Since  is varied from 10% to 90% of (/6) radians, it can be approximated as follows:
Three-phase PWM Inverter
The fundamental component of the line currents of the three-phase pulse width modulated inverter i as , i bs , and i cs forms a balanced set of three-phase currents with maximum value as I as(max) and can be expressed as follows:
Where k is obtained through Fourier analysis of inverter line current waveforms, and this is given by the following:
The value of k depends on the operating frequency of the inverter and varies from 0.8485 to 0.9970 for variation in operating frequencies from 10 to 50 Hz. Since the inverter output fundamental current peak is taken along the q e axis of the reference frame, the transformed phase current equations in the q 
DC Link
The rectifier output voltage V r is the sum of the inverter input voltage inv V and DC link voltage, hence
Three-phase Induction Motor
The induction motor can be modeled in the q e -d e reference frame using the following assumptions: (1) The three-phase stator windings of the motor are balanced and sinusoidally distributed in space. (2) The DC link current is ripple free. (3) The inverter switching transients are ignored.
(4) There is no core loss in the motor. (5) The motor can be described by fourth-order matrix equation in q e -d e reference frame as follows: 
The electromagnetic torque equation of the motor is expressed as follows: 
The equation of motion of the drive is given by the following:
The load torque equation is expressed as
Three-phase Capacitor Bank
The capacitor current is related to the stator voltage of the induction motor, as shown below:
Transforming (12) in the synchronously rotating reference frame q e -d e , we have the following: 
Design of Regulator Parameters
The transient response of the drive depends on the choice of speed and current regulator parameters, which can be selected on the basis of the stability and response of the drive by applying the D-partition technique [6] . The Dpartition method is used to study the effect of two parameters on the control system on stability and transient performance. With regard to stability analysis, the method
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provides a possibility of defining the relative stability of the control system with the roots of the characteristic equation lying within a specified p-plane contour of general shape [9] - [10] . The p-plane with two adjustable parameters as coordinate axis is termed as "parametric plane".
For the determination of regulator parameters by the Dpartition technique, the non-linear equations of the system are linearized by the method of small perturbation about the steady-state operating point, and the characteristic equations are developed for both current and speed regulator loops. The D-partition boundaries are plotted in the parametric plane and the probable stable regions are identified in the plane of the proportional and integral gain parameters for both the regulators.
Frequency scanning check is used for further confirmation of the probable stable region obtained from the Dpartition boundaries [6] . To apply this technique, a point from the inside of the probable stable region and a point outside the probable stable region of the D-partition boundary are selected for both current and speed regulators. The real and imaginary parts of the characteristic equation of the current and speed regulators are plotted for the points inside and outside the stable region for varying  from  to  . If the origin lies inside the hatched curve, the system is stable, whereas if it is outside the hatched region, the system is unstable.
Design of Current Regulator
For the design of current regulator parameters ( ) and i i i p k k , the speed of the motor is assumed to be constant since the mechanical time constant of the motor is much higher than the electrical time constant; hence, 
Expressing (16) 
Finally, the characteristic equation of the current regulator matrix is expressed as the below equation:
Separating the real and imaginary parts of (24) 

is taken from outside, above the region, and the characteristic vector is plotted as shown in Fig. 4 for varying  from  to  . The origin is not encircled by the curve and hence, the region outside the curve is unstable. The σ = 0 gives the probable stable region. As the value of σ is continuously increased the probable stable region shrinks, and the most probable stable region is achieved. After a certain value of the σ, the stable region vanishes. In order to identify the most stable region, the relative Dpartition boundaries are plotted for the different values of σ and varying  from  to  , as shown in Fig. 5 . At σ = 10, the most probable stable region is obtained. 
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Design of Speed Regulator
Expressing (19)-(22) in matrix form, the speed regulator matrix equation is given as follows: 
The characteristic equation of the current regulator matrix is expressed as follows: 
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Performance Investigation of the Drive
Having designed the parameters of both current and speed regulators, the performance of the drive is investi- These response curves show that the settling time of the drive for the designed values of regulator parameters and for the different step variations in reference speed are 3.7, 2.8, 3.6, and 3.1 seconds, respectively. This shows the effectiveness of the closed loop operation of the drive at the designed speed and current regulator parameters. 
Conclusions
The D-partitioning technique was applied to determine the current and speed regulator parameters. The characteristic equations needed for the determination of the parameters was obtained by perturbing the machine variables around the rated conditions. The most probable region was obtained by plotting the parametric plane for the different values of σ. The frequency scanning check was applied to further confirm the stable region. The final selection of regulator parameters was carried out by determining the transient response of the current and speed loops of the drive. With the regulator parameters obtained by the Dpartitioning technique, the effectiveness of the closed loop operation of the drive at designed speed and current regulator parameters was analyzed for different step variations in the reference speed. 
Induction motor parameters
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